abstract: Several theoretical studies propose that biodiversity buffers ecosystem functioning against environmental fluctuations, but virtually all of these studies concern a single trophic level, the primary producers. Changes in biodiversity also affect ecosystem processes through trophic interactions. Therefore, it is important to understand how trophic interactions affect the relationship between biodiversity and the stability of ecosystem processes. Here we present two models to investigate this issue in ecosystems with two trophic levels. The first is an analytically tractable symmetrical plant-herbivore model under random environmental fluctuations, while the second is a mechanistic ecosystem model under periodic environmental fluctuations. Our analysis shows that when diversity affects net species interaction strength, species interactions-both competition among plants and plant-herbivore interactions-have a strong impact on the relationships between diversity and the temporal variability of total biomass of the various trophic levels. More intense plant competition leads to a stronger decrease or a lower increase in variability of total plant biomass, but plant-herbivore interactions always have a destabilizing effect on total plant biomass. Despite the complexity generated by trophic interactions, biodiversity should still act as biological insurance for ecosystem processes, except when mean trophic interaction strength increases strongly with diversity.
There is great concern about the potential impacts of biodiversity loss on ecosystem functioning and stability because human activities are increasing species extinction rates (Pimm et al. 1995; Loreau et al. 2001) . High vari-ability reduces the reliability of ecosystem processes (Naeem and Li 1997; Naeem 1998 ) and further increases the risk of species extinctions (Pimm 1991) . Therefore, a better understanding of the effects of biodiversity on ecosystem stability is critically needed.
The relationship between diversity and stability has been the subject of a long-standing debate in ecology (MacArthur 1955; May 1972 May , 1973 McCann 2000) and is not a simple question because it involves different measures of stability (Pimm 1984; Loreau et al. 2002) . A major focus of current work is to understand how species diversity helps maintain ecosystem processes under changing conditions. If different species respond differently to environmental changes, theory predicts that community variability should decline with increasing species richness. Thus, biodiversity provides "insurance" or a buffer against environmental fluctuations, leading to more predictable aggregate community or ecosystem properties (Doak et al. 1998; Tilman 1999; Yachi and Loreau 1999; Ives et al. 2000; Lehman and Tilman 2000; Ives and Hughes 2002) .
Various experimental studies have provided some evidence that the temporal variability of ecosystem properties decreases with increasing diversity in agreement with theoretical predictions (Tilman and Downing 1994; Tilman 1996; McGrady-Steed et al. 1997; Naeem and Li 1997; McGrady-Steed and Morin 2000) . These results have been debated because of potential confounding factors in most of these experiments (Huston 1997; Wardle 1998; Fukami et al. 2001; Morin and McGrady-Steed 2004) . Furthermore, some recent theoretical (Loreau and Behera 1999) and experimental (Petchey et al. 2002; Pfisterer and Schmid 2002; Gonzalez and Descamps-Julien 2004) studies suggest more complex relationships between stability and diversity.
Such different patterns may result from the variety of mechanisms that affect the relationship between diversity and stability. The temporal variability of a community depends on the sensitivity of each species to different types of environmental fluctuations but also on the interactions among species (May 1972 (May , 1973 Pimm 1984; Ives et al. 1999) . The destabilizing effect of diversity on population-E96 The American Naturalist level fluctuations and the unevenness of species abundances may outweigh the stabilizing influence of asynchronous species responses to environmental changes Gonzalez and Descamps-Julien 2004) .
Most studies on the effect of species richness on community variability have considered only communities of competitors (Ives et al. 1999; Yachi and Loreau 1999; Hughes and Roughgarden 2000; Lehman and Tilman 2000; Ives and Hughes 2002) . It has been suggested that the role of competition in stabilizing aggregate ecosystem properties in the face of environmental variability may be relatively minor Ives and Hughes 2002) . Theory is far less developed for multitrophic systems (Ives et al. 2000) despite the fact that trophic interactions may play a more important role in community stability (Aoki and Mizushima 2001) . Ives et al. (2000) showed that when the net strength of ecological interactions on any given species is independent of diversity, the conclusions obtained for competitive systems also hold for multitrophic systems. Net interaction strength is defined here as the combined per capita effects of all species of the community on the population growth rate of a given species (as measured by the coefficients of the Jacobian matrix). The unanswered question is how net species interaction strength varies with diversity. For example, increased diversity may increase competition (Naeem et al. 2000) , and consumer effects on producer biomass change with prey diversity (Hillebrand and Cardinale 2004) . Because interaction strength is well known to affect stability (McCann 2000) , there is a need to extend existing theory for multitrophic systems to understand how diversity affects the variability of aggregate ecosystem properties when it also affects net species interaction strength.
We investigated how various assumptions about the variation of interaction strength with diversity affect the relationship between species diversity and the temporal variability of ecosystem properties in the face of environmental perturbations. We study here two different models: a discrete-time Lotka-Volterra predator-prey model similar to that of Ives et al. (2000) and a nutrient-limited ecosystem model developed by Loreau (1996 Loreau ( , 1998 used to study the relationship between diversity and ecosystem functioning in multitrophic systems (Thébault and Loreau 2003 ). The first model allows an analytical study (Ives et al. 1999 (Ives et al. , 2000 Ives and Hughes 2002) , while the second one allows more realism using numerical simulations. In both models, we compare two cases of variation of competition intensity with diversity, depending on whether the net strength of competition increases or stays constant with diversity. These two cases were crossed with three food web configurations: first, herbivores are strictly specialists; second, herbivores are generalists that compensate for the loss of plant species by increasing their consumption rate on other species (i.e., there is a trade-off between herbivore generalization and predation rate such that the voracity of each herbivore is independent of diversity); and third, herbivores are generalists, and their consumption rate on each plant species is independent of plant diversity (i.e., there is no trade-off between herbivore generalization and predation rate such that herbivore voracity increases with diversity). The analysis of these different models and scenarios allows us to reach greater generality regarding the impacts of food web configuration and competition intensity on the relationship between diversity and the temporal variability of ecosystem properties. It also permits us to examine the dependence of our results on the model's assumptions.
Mathematical Analysis of a Symmetrical PlantHerbivore Model under Random Environmental Fluctuations
The first model is an extension of one developed by Ives et al. (2000) . This simple model can be used to analytically study the relationship between diversity and the temporal variability of population sizes and aggregate community properties using an autoregressive approximation method, which allows disentangling the respective roles of species interactions and environmental fluctuations (Ives et al. 1999) . Our analysis generalizes previous results because here we consider cases where the net strength of competitive and plant-herbivore interactions depends on diversity. Experiments in multitrophic systems often distinguish producer and consumer properties (Naeem and Li 1997; Downing and Leibold 2002; Duffy et al. 2003; Fox 2004) . Consequently, we also examine the variability of total biomass of each trophic level as well as the biomass of each species rather than overall community variability. Let P i (t) and H i (t) be the biomass of plant and herbivore species i, respectively, at time t, and let x be the number of species of plants and herbivores (each trophic level has the same number of species). Then
where a i is plant i's intrinsic rate of increase, K i is its carrying capacity, c xi is herbivore i's consumption rate, b i is the conversion efficiency of consumed plant biomass into the production of new biomass for herbivore species i, and d i is herbivore i's death rate. The effects of environmental fluctuations on plant and herbivore species i are modeled by the random variables pi and hi with mean 0 and variances j p 2 and j h 2 . Environmental random variables affect the populations' growth rates multiplicatively, which implies that pi (t) and hi (t) affect the variability of the per capita population growth rates. We assume that these random effects may be correlated, with r being the correlation coefficient among all pairs pi . This asa 1 0 sumption allows us to examine separately the specific effects of competition between plants and of food web structure on the relationship between diversity and stability.
To allow mathematical analysis, parameters a i , K i , b i , and d i are considered identical for all species in the analysis below. In this case, the temporal variability of trophic level and species-specific biomass can be approximated by firstorder autoregression models derived from equation (1). We can transform the biomasses to a new basis along the eigenvectors of the Jacobian matrix. The variances V k of these transformed biomasses then depend on the variances U k of the environmental variables and on the corresponding eigenvalues l k such that or
eigenvalues (Ives 1995; Ives et al. 1999 Ives et al. , 2000 . The eigenvalues of the Jacobian matrix reveal how interaction strength and trophic structure affect the variance of species biomass: the higher their magnitude, the more the system is destabilized by species interactions. The eigenvalues for our model are (appendix)
where is herbivore voracity,ĉ
is plant total carrying capacity, and
and H * are equilibrium plant and herbivore species biomasses, respectively, in the absence of environmental variability:
and .
The relationship between diversity and variability of total biomass depends only on the squared magnitude of the first two eigenvalues: ,
whereas the variability of biomass for each species depends also on the squared magnitude of l 3 and l 4 : p (appendix) . Effects of diversity on variability of (d/bcK)] trophic levels are qualitatively different from that on individual species.
These results are similar to the previous analytical results of Ives et al. (2000) , even though our definitions of and c are slightly different. When and are constant, in-K c K teractions among species have no effect on the relationship between diversity and stability at the community level because is independent of diversity. Also, in a per-
fectly symmetric system, the dynamics of total plant and herbivore biomasses are closely related to the dynamics of a system with a single plant with carrying capacity and xK a single herbivore with consumption rate (appendix).
c/x
Further analysis of the eigenvalues shows that a few key factors can strongly affect the relationship between diversity and stability at both the ecosystem and population levels. The variability of total biomass depends only on variation of and as diversity changes. These two pac K rameters can vary with diversity depending on herbivore generalization and interspecific plant competition. If the consumption rate of each plant by an herbivore is independent of diversity (no trade-off; ), then increaseŝ c p c c x with diversity as herbivores become more generalized. Similarly, if plant competition increases with diversity while K stays constant, then decreases with diversity aŝ K interspecific competition becomes stronger. Parametersĉ and can also remain constant if herbivore voracity iŝ K independent of diversity (specialist herbivores or generalist herbivores with a trade-off) or if competition strength on each species is independent of diversity.
Before studying these effects of food web configuration and competition in greater detail, we note that exact formulas for the coefficients of variation (CV) of both total and species-specific plant and herbivore biomass can be obtained from equation (1) when the eigenvalues are real (appendix). This analysis shows that the variation of the herbivore CVs are not necessarily parallel to those of the plants. For the sake of simplicity, we present only the main trends that can be derived from the analysis of the eigenvalues of the first-order autoregression approximation. These theoretical insights are illustrated with results from numerical simulations in figures 1 and 2.
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Effects of Food Web Structure
Three main conclusions emerge from this analysis. First, the relationship between diversity and the variability of trophic level biomass is independent of the degree of herbivore generalization (cf. figs. 1A, 1B and 2A, 2B) when herbivore voracity does not depend on diversity, as in c an article by Ives et al. (2000) . The first two eigenvalues are then identical in the two cases where herbivores are either specialists or generalists with a trade-off between generalism and consumption rate.
Second, when herbivores are generalists without a tradeoff, herbivore voracity increases with plant diversity, and c this increase is stronger if a is higher. Because the dynamics of total plant and herbivore biomasses are equivalent to that of a one predator-one prey interaction, the intensification of herbivore consumption has a destabilizing impact (the squared magnitude of the first two eigenvalues increases with ). Thus, the degree of herbivore generalc ization increases the variability of trophic level biomass as diversity increases, when generalism has no cost (cf. figs. 1A, 2A and 1C, 2C).
Third, when herbivores are generalists with a trade-off, the CVs of species-specific biomass do depend on the degree of herbivore generalization, a, because the squared magnitude of the last two eigenvalues decreases as a increases. Herbivore generalization, when it has a cost, generally lowers variability of species-specific biomass (cf. figs. 1D, 1E and 2D, 2E), with some exceptions at the herbivore trophic level (see appendix; fig. 1E ).
Effects of Interspecific Plant Competition Intensity
Variation in the intensity of plant competition with diversity has a strong impact on the relationship between diversity and the CVs of trophic level and species-specific biomass. A decrease in the total carrying capacity, , K amounts to an increase in the total strength of plant intraspecific density dependence and a decrease in the squared magnitude of the first two eigenvalues. As a result, the variability of trophic level biomass is lower whenK decreases as diversity increases, compared with when it is independent of diversity (cf. figs. 1A-1C and 2A-2C). Moreover, an increase in competition intensity with diversity contributes to a decrease in the CVs of trophic level biomass as diversity increases, even when species respond identically to environmental fluctuations. Similarly, the CVs of species-specific biomass are higher and increase more with diversity when is independent of diversity. k
Effects of Correlation between Species Responses to Environmental Fluctuations
As shown, the coefficient of correlation, r, between species response to environmental fluctuations strongly affects the relationship between diversity and variability. First, as in an article by Ives et al. (2000) , the aggregate environmental variables and govern the re- * *
sponses of species to environmental fluctuations (see eq. (4) 
decreasing functions of x whenever . Therefore, any r ! 1 asynchrony between species responses to environmental fluctuations ( ) decreases the CV of total biomass with r ! 1 diversity in both trophic levels in all food web configurations (cf. dotted and solid lines in figs. 1A-1C and 2A-2C).
Second, the correlation between species responses to environmental fluctuations can have opposite effects on the CV of species-specific plant biomass depending particularly on herbivore generalization. When herbivores are specialists, the CV of species biomass is higher when r is lower. A low correlation between species responses to environmental fluctuations can lead to an increase in population-level variability with diversity when herbivores are specialists (cf. dotted and solid lines in figs. 1D and 2D).
Conclusions
When the net strength of competitive and trophic interactions varies with diversity, the relationship between diversity and temporal variability of the community depends on trophic structure and competition strength and not only on the correlation between species responses to environmental fluctuations. In this case, strong interspecific competition among plants generally leads to a decreased variability of total biomass. Absence of a trade-off between the consumption rate of generalist herbivores and the diversity of the prey they consume contributes to an increased variability, whereas when this trade-off exists, herbivore generalization has no impact on variability at the ecosystem level.
We also performed numerical analyses of the model when the values of parameters a i , K i , b i , c xi , and d i differ among species. The relationships between diversity and the CVs of trophic level biomass were qualitatively similar to the case where species have identical parameters. Thus, our results regarding trophic level biomass seem to be relatively robust to variation among species in parameters in the model (figs. 3, 4). However, asymmetries among species appear to have an important effect on the variability of individual species biomass and on the synchrony of species fluctuations. In particular, herbivore generalization leads to a strong increase in the variability of species biomass with diversity. Therefore, we have also analyzed a more realistic ecosystem model with a different type of environmental fluctuations in order to investigate the robustness of our results more thoroughly.
Numerical Analysis of a Mechanistic Ecosystem Model under Periodic Environmental Fluctuations
Our mechanistic model is an extension of that developed by Loreau (1996) for a nutrient-limited ecosystem containing an arbitrary number of plants and specialized herbivores in a heterogeneous environment. Plant nutrient uptake is assumed to decrease the soil concentration of a limiting nutrient in the immediate vicinity of the root system, thus creating a local resource depletion zone around each plant and allowing plant coexistence under some conditions (Loreau 1996) . The model is described by the differential equations
where R is the nutrient concentration in the regional soil pool with volume V R , N i is the nutrient concentration in the set of local resource depletion zones, with total volume V i , of plants from species i, D p and D h are the nutrient stocks of plant and herbivore dead organic matter, and P i and H i are the biomass (measured as nutrient stocks) of plant and herbivore species i, respectively. Nutrient is transported between local and regional pools at a rate k per unit time. Plant species i has a growth rate a i , herbivore species j consumes plant species i at a rate c ij , and l p and l h are decomposition rates of plant and herbivore detritus, respectively. The death rates m pi and m hi of plants and herbivores, respectively, will be considered to be identical in our analysis for the sake of simplicity. Last, q is the rate of nutrient loss from the ecosystem in inorganic form, and R 0 is nutrient supply concentration. In this system, environmental fluctuations are given by sinusoidal fluctuations of temperature. Environmental fluctuations of many physical variables such as temperature are positively autocorrelated (Halley 1996; Vasseur and Yodzis 2004) . We incorporate this property of environmental variability in our study of the relationship between diversity and stability. In our model, plant and herbivore mortality rates show a Gaussian dependence on temperature with identical standard deviations. Temporal niche differentiation among species is driven by temperature ( fig. 5 ; see also Hughes et al. 2002 for a similar method for generating environmental variability). In a first degree of differentiation, niches are all centered on 15ЊC, which is the average temperature experienced by the system. All species have identical thermal niches in this scenario. In a second degree, minimum values of mortality rates are regularly distributed on half of the temperature gradient. In a third degree, minimum values are regularly distributed on the whole temperature gradient. In the last two degrees, species fluctuate in a correlated but asynchronous way.
The model was simulated numerically using Cϩϩ programming, and numerical integration was performed with a Runge-Kutta method of order 4 with a time step of 0.01. We measured the temporal variability of both total and species biomass at the plant and herbivore trophic levels during 10,000 iterations once a stationary regime of species fluctuations had been reached. Stationarity was assessed by visually checking population dynamics for several simulations. We also set initial biomasses equal to the equilibrium biomasses in the absence of environmental fluctuations to ensure that a stationary regime was reached quickly. We compare five different levels of species richness with one, two, four, eight, or 16 species per trophic level, respectively. Plant and herbivore species richness varies in parallel as in our simple analytical model, and we compare the same three food web configurations as before. Because the two models differ strongly in their description of plant competition, the impact of competition intensity was studied differently. Here we compare a case where the nutrient transport coefficient k is low (weak plant competition) with a case where k is higher (strong plant competition). Competition strength always increases with diversity in this model, but the intensity of this increase varies from very low to moderate. For each food web configuration and each level of diversity, we performed 100 simulations with different parameter values and kept only simulations that allow coexistence among all species. To allow a better comparison between the two models, parameter values were chosen to give comparable values of plants' and herbivores' biomass, and the correlations among species responses in the three cases of niche separation were comparable with the three levels of r in the first model.
As for the previous model, our mechanistic ecosystem model generated significant differences in the expected relationship between diversity and stability for different food web configurations and different intensities of competition (figs. 6, 7).
Effects of Food Web Structure
When herbivores are either specialists or generalists with a trade-off between generalism and consumption rate, the CVs of trophic level biomass decrease as diversity increases ( fig. 6A, 6B; fig. 7A, 7B) , except in the absence of niche differentiation when competition intensity is low ( fig. 7A,  7B ). As in the first model, generalism, when it has a cost, has negligible effects on the relationship between diversity and variability of trophic level biomass (cf. figs. 6A, 6B and 7A, 7B).
When herbivores are generalists without a trade-off, the CVs of trophic level biomass are generally higher than in the previous two cases, and they increase further with diversity (figs. 6C, 7C), with one major exception: the variability of total herbivore biomass decreases as diversity increases when competition intensity is low ( fig. 7C) .
The CVs of individual species biomass are always higher than the corresponding CVs for trophic level biomass ( fig.  6D-6F; fig. 7D-7F ). In the three food web configurations, the CVs of individual species biomass increase as diversity increases, except in the case where plant competition is strong, herbivores are specialists or generalists with a tradeoff, and niche differentiation is low ( fig. 6D, 6E ). In contrast to the CVs of trophic level biomass, the CVs of species biomass do depend strongly on herbivore generalization when there is a trade-off. Herbivore generalization yields a lower variability of species-specific biomass at high levels of niche differentiation. 
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Effects of Plant Interspecific Competition Intensity
With one exception, stronger competition tends to stabilize total biomass at high diversity levels, just as in the first model. When herbivores are either specialists or generalists with a trade-off, higher competition intensity leads to a higher decrease of the CVs of trophic level biomass as diversity increases (cf. figs. 6A, 6B and 7A, 7B). When herbivores are generalists without a trade-off, the variability of total plant biomass increases less with diversity when competition is stronger, while competition intensity has an opposite effect on herbivores: the CV of total herbivore biomass increases with diversity when competition is strong and decreases when competition is weak (figs. 6C, 7C). Note that in contrast to the first model, stronger plant competition leads to higher absolute levels of variability of total and species-specific biomass in the three food web configurations (cf. figs. 6, 7).
Competition intensity can also strongly alter the relationship between variability of species biomass and diversity. At high levels of niche differentiation, competition destabilizes plant species biomass when herbivores are either specialists or generalists without a trade-off: the CV of plant species biomass increases more with diversity at higher levels of competition when herbivores are specialists (cf. figs. 6D, 7D), and it increases instead of decreasing when herbivores are generalists without a trade-off (cf. figs. 6F, 7F). This effect of competition intensity on population-level variability is opposite to that found ian the first analytical model. This difference may reflect different formulations of competition in the two models. Competition intensity varies, in one case, by variation of total plant carrying capacity, and in the other, by increasing the homogeneity of nutrient pools through the nutrient transport coefficient k. The variation in k in the second model may be more similar to a variation of the interspecific competition coefficient b in the first model. As a matter of fact, the squared magnitude of the eigenvalues in the first model can increase with b while they decrease with . K
Effects of Correlation between Species Responses to Environmental Fluctuations
Niche differentiation has the same effect in the three food web configurations: the CVs of trophic level biomass decrease more or increase less with diversity as species respond differently to environmental fluctuations (figs. 6, 7). The effect is opposite on the CVs of species-specific plant and herbivore biomass. The latter increase more when niche differentiation is higher, with one exception for plants when herbivores are generalists without a tradeoff and competition is low ( fig. 7F) . Moreover, the CVs of species biomass are less dependent on niche differentiation in the case of generalists than in the case of specialists (cf. figs. 6D, 6E and 7D, 7E). The destabilizing effect of niche differentiation on the variability of species-specific biomass seems stronger in most cases than in the first model (e.g., cf. figs. 1, 6).
Discussion
Despite numerous differences in the assumptions of our two models, the relationships between diversity and the variability of trophic level biomass are qualitatively similar, which emphasizes the consistency of the effects of species interactions and food web structure. Thus, our main results seem to be relatively robust: despite the complexity generated by trophic interactions, biodiversity should still act as biological insurance for ecosystem processes against environmental fluctuations in multitrophic systems, except when consumers are generalists and generalism has no cost. In contrast, species' variability often increases with diversity, which is in agreement with previous theoretical studies in which diversity was found to decrease stability at the population level (May 1972; Pimm 1982; King and Pimm 1983; Hughes and Roughgarden 1998) .
Our results support the insurance hypothesis, which proposes that greater species richness leads to decreased variability of ecosystem processes when species respond differently to environmental changes (Yachi and Loreau E104 The American Naturalist Figure 6 : Coefficients of variation (CVs) of total and species-specific plant and herbivore biomass ‫1ע(‬ SEM) as functions of species diversity in the mechanistic ecosystem model when competition intensity is high, for the three food web configurations. In each panel, black lines correspond to CVs for plants, and gray lines correspond to CVs for herbivores. Solid lines correspond to the first degree of niche differentiation of plants and herbivores, semidotted lines correspond to the second, and dotted lines to the third degree of niche differentiation. Coefficients of variation were calculated from data sets generated by integrating equations (3) with the Runge-Kutta method. For each simulation, values of l p , l h , q, k, V r , V i , and R 0 were selected using a random number generator from exponential distributions with means 0.6, 0.6, 2.2, 40, 215, 1.68, and 6 and standard deviations 0.4, 0.4, 2.5, 25, 250, 0.06, and 4, respectively. Consumption rates c ij were selected using a random number generator from a uniform distribution with mean of 0.0035 and standard deviation of 0.0004, and we set plant growth rates . The minimum mortality rates m pi and a p 0.015 m hi were selected using a random number generator from exponential distributions with means of 0.08 and 0.046 and standard deviations of 0.04 and 0.015. 1999; Ives et al. 2000) . In both of our models, a higher degree of asynchrony of individual species responses to environmental fluctuations causes either a stronger decrease or a smaller increase in trophic level biomass variability with increasing species diversity. The nature of environmental fluctuations does not affect the insurance effect of biodiversity in our study. Nevertheless, periodic fluctuations might explain the stronger destabilizing impact of the asynchrony of species responses on populationlevel variability in the second model because environmental autocorrelation has been shown to increase the risk of population extinction in other models (Petchey et al. 1997) .
The insurance effect is only partly generated by temporal complementarity among species. If species respond identically to environmental changes, the temporal variability of total plant and herbivore biomasses can decrease with diversity if herbivores are specialists or generalists with a trade-off. This pattern differs from predictions for purely competitive systems in which theory usually predicts a decrease in variability only when species respond differently to environmental fluctuations . This difference comes mainly from the way that species interaction strength varies with diversity. Our work shows that in multitrophic systems, other factors such as food web structure and competitive interactions can have a strong impact on the diversity-stability relationship because they can strongly affect the variation of the net strength of competitive and trophic interactions for each species with diversity.
The analysis of our two models emphasizes several key features of food web structure and species interactions that affect the relationship between diversity and variability, in particular, the intensity of competition among plant species, the presence of a trade-off between the consumption rate of herbivores and the diversity of their consumed prey, and herbivore generalization.
Effects of Competition Strength among Plant Species
Interspecific competition among plants has a strong impact on the relationship between trophic-level biomass variability and diversity. Both our simple analytical model and our mechanistic ecosystem model show that a stronger increase in competition strength with diversity leads to a stronger decrease or to a lower increase of variability of total plant biomass. This result differs from and complements the result obtained by Ives et al. (2000) for the case where the net competitive effect on each species is independent of diversity. Changes in competition strength with diversity are still debated (Cahill 2003) and may depend on the impact of diversity on nutrient availability, light availability, and crowding (Naeem et al. 2000) .
This result also differs from that obtained for purely competitive systems in which competition intensity has no impact on the relationship between diversity and stability if the per capita effect of environmental fluctuations on growth rate is independent of diversity Ives and Hughes 2002) . This difference can again be explained by the fact that in Lotka-Volterra competition models, net competition strength is always independent of diversity. As soon as a second trophic level is added, herbivores can control plant biomass, and net competition strength can vary.
To better understand how trophic interactions affect net competition strength and the diversity-stability relationship, compare the variability of total plant biomass in our first model with that in a purely competitive system . In a purely competitive system, the variability of total biomass is governed by the eigenvalue while in our plant-herbivore system, it l p 1 Ϫ a is governed by the eigenvaluesl p 1 Ϫ (ad/2bcK) ‫ע‬ 1, 2
. Because plants and her-
bivores coexist, , and . Thus, the vari-
ability of total plant biomass is always higher with herbivores than without them. This destabilizing effect of herbivores on total plant biomass may explain the decrease in variability of total plant biomass as competition intensity increases. If interspecific plant competition is high, an increase in plant diversity can lead to a decrease in herbivore biomass ( fig. 8 ). This reduces the destabilizing effect of herbivores on plant biomass as net plant consumption by herbivores decreases. Countervailing effects of auto- and herbivores also can be easily estimated from this figure. When mean species-specific biomass at a trophic level is independent of diversity, total biomass increases linearly with diversity. If total biomass is behind this line, mean species-specific biomass decreases as diversity increases. troph diversity and heterotroph diversity on plant biomass variability may then be observed that are similar to their effects on mean total plant biomass (Duffy et al. 2003; Thébault and Loreau 2003) . Consumer extinction may lead to an increase in total plant biomass together with a decrease in its temporal variability, while producer extinction may cause a decrease in total plant biomass together with an increase in its variability.
Effects of Herbivore Trade-Off
The presence of a trade-off in herbivores between interaction strength and prey diversity has a strong influence on the relationship between temporal variability and diversity (summarized in table 1). If generalism has no cost, the sum of consumption rates per herbivore increases with diversity, leading to an increase in mean interaction strength in parallel to an increase in variability. Our model thus confirms the classical result that stability requires low interaction strength (McCann 2000; Kokkoris et al. 2002) . The plasticity of consumer diet and interaction strength may have a strong impact on the diversity effects on stability, as already suggested for species richness effects on biomass and productivity (Duffy 2002 ). Here we studied two limiting scenarios. At one extreme, prey consumption may be intrinsically constrained such that prey species loss decreases total consumption by each herbivore; in this case, prey species loss is predicted to increase ecosystem stability and to strongly affect the biomass of each species. At the other extreme, prey species loss may increase consumption rates on the remaining species, resulting in weaker effects on biomass and its variability, although the general trend is toward decreased ecosystem stability. Reality probably lies somewhere between these two extremes. Factors that favor the presence of a trade-off between the per capita consumption rate on each plant and the diversity of plant species consumed include predator satiation and predator experience. If prey density is sufficient to allow consumer satiation, the total consumption of each predator is limited, and this total consumption is diluted among more prey species. If predators gain experience as they consume a particular prey species-as is frequently the case-their consumption rate on this species increases as they become more specialized. Other factors, however, may limit the trade-off between the per capita consumption rate on each plant and the diversity of plant species consumed. For instance, increasing prey diversity can enhance consumer growth by providing a more balanced diet (DeMott 1998). Therefore, our two limiting scenarios should bracket the range of situations susceptible to be encountered under realistic conditions.
The strength of the diversity effects that we studied, however, is likely to depend on the stabilizing or destabilizing impact of herbivores on plant population dynamics. In both our models, the functional response, which describes the response of an individual predator's consumption rate to variations in prey density, depends only on prey biomass and is linear. The nature of the functional response has long been debated (Abrams and Ginzburg 2000) . Functional responses with predator satiation are known to destabilize community dynamics, inducing population oscillations over time (May 1972) , whereas addition of interference among consumers is a stabilizing factor (DeAngelis et al. 1975) . Consumer satiation and interference are thus likely to affect the relationship between diversity and ecosystem variability in multitrophic systems.
Effects of Food Web Connectivity
Although herbivore generalization has limited effects on trophic-level biomass variability when there is a trade-off with consumption rate, food web connectivity strongly affects the variability of species-specific biomass.
Asynchrony in species responses to environmental fluctuations was found to increase population-level variability in our second model because interspecific competition amplifies environmentally driven population fluctuations (Tilman 1996; Lehman and Tilman 2000) . In our models, however, herbivore generalization weakens the destabilizing effect of asynchrony. Temporal niche differentiation among species can even have a stabilizing effect on population-level variability when herbivores are generalists without a trade-off, which never occurs when they are specialists. A buffering effect caused by asynchrony in prey availability may act to stabilize the population dynamics of generalist consumers (Petchey 2000) . This effect of food web connectivity is consistent with the old idea that communities with many interacting species can be less prone to large fluctuations than communities with fewer species (MacArthur 1955) and opposes the destabilizing effect of asynchrony on interspecific competition.
Although asynchronous species dynamics have a less destabilizing effect on population-level fluctuations when herbivores are generalists, the magnitude of these fluctuations (as measured by the CV of species-specific biomass) are not always lower when herbivores are generalists, especially when correlations in species responses to environmental fluctuations are high. This destabilizing effect of generalism on population-level variability may be caused by increased competition among generalist herbivores because more intense competition among plants can also increase the variability of plant populations.
Conclusions
This study highlights several key effects of species interactions on the relationship between diversity and ecosystem stability in multitrophic systems. Additional effects of trophic structure, however, may affect this relationship because we have considered only simple food webs with the same number of plant and herbivore species at each diversity level. Other scenarios of changes in diversity may modify top-down control and trophic cascades in food webs by creating heterogeneity within trophic levels and the presence of inedible species (Leibold 1989; Steiner 2001) . Trophic cascades also lead to variations in species evenness (Schmitz 2003) , which can modify the temporal variability of the community (Cottingham et al. 2001) . Species interactions and food web structure may thus lead to more complex relationships between diversity and variability of ecosystem processes. Therefore, this work should be regarded as a first step toward a more general theory of ecosystem stability. Despite the complexity generated by trophic interactions, it is noteworthy and encouraging that our theoretical work supports the insurance hypothesis, except when herbivore generalization has no cost.
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APPENDIX
Coefficients of Variation of Plant and Herbivore Biomass
Variances of total and species-specific biomass can be approximated with the first-order autoregression models derived from equation (1). For species-specific biomass, x x * * aP aP * * P (t ϩ 1) p P (t) 1 Ϫ Ϫ b P (t) Ϫ c P H (t) ϩ a H (t) ϩ P , and if eigenvalues are complex (Ives 1995) ,
From these equations, we can deduce the variances of the combined densities of plant and herbivore species along the two eigenvectors. Here we limit our analysis to the case of real eigenvalues.
Total Plant and Herbivore Biomasses As explained above, equations (A2) can be brought in the matrix form , where b p Ab ϩ e tϩ1 t t and deduce expressions for the variances of transformed total plant and herbivore biomasses along the eigenvectors (Ives et al. 1999) :
2 2 1 Ϫ l 2
The variances of total plant and herbivore biomasses are related to the variances of the transformed total plant and herbivore biomasses along the eigenvectors by such that The latter expression can be calculated using equation (A1):
Cov (u , u ) p Ϫ V(e ) Ϫ V(e ) Ϫ Cov (e , e ). Substituting equations (A4)-(A6), (A8) and (A9) into equation (A7), we obtain expressions for the variances of total plant and herbivore biomasses as functions of species biomasses at equilibrium, species diversity, the correlation of species responses to environmental fluctuations, and the eigenvalues of A: * 2 2 * * 2 2 * 2
